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ABSTRACT 
This study was undertaken to determine the geological . 
l 
and geohydrological cond\ions of those regions within the 
study area, the Rhode Island shoreline of Narragansett Bay, 
which are underlain ·by saltwater-bearing aquifers, with 
respect to demonstrating the applicability of the direct 
current resistivity method and the Ghyben-Herzberg relation. 
The depth sounding method and the Ghyben-Herzberg relation 
are both essentially untried under the conditions found in 
the study area, that is, saltwater intrusion into bedrock 
aquifers. 
Work proceeded by first denoting locations known to 
have saltwater at depth by virtue of its having been 
reported in water wells, At selected sites, resistivity 
depth soundings (with Schlumberger array) were made, The 
results, plotted as curves, were interpreted by the curve-
matching technique with the use of theoretical master 
curves. The interpretations were then refined by the use 
of a theoretical curve-generating computer program. 
Analysis of the collected field data has demonstrated 
that the resistivity depth sounding method is indeed 
applicable to determining the depth of the saltwater in-
terface in the bedrock aquifers and that the indication 
of saltwater is quite clear in most cases. It is evident 
then, that a large-scale depth sounding reconnaissance of 
the study area, for the purpose of developing saltwater 
wells for use in the marine seafood industry, is a dis-
tinctly possible and practical means for determining the 
depth to the saltwater interface. /J 
Due to the nature of the porosity of the bedrock and a 
probable lack of vertical communication between fresh and 
saltwater which seems to be indicated by the resistivity 
data, the Ghyben-Herzberg relation has been found not to be 
useful in predicting depth to saltwater within the bedrock 
aquifers of the study area. 
ll 
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INTRODUCTION 
As a result 'of recent trends in marine aquaculture, the 
need for relatively pure saline water which is at a constant 
temperature suitable for lobster and shellfish has been 
recognized. Water drawn from wells fits these criteria, con-
taining fewer man-made contaminants and having a temperature 
(approximately 55°F; 13°c) which is more constant than water 
drawn directly from the bay. Logically the need for this 
saline water is developed where the land-based operations of 
the seafood industry of Rhode Island is located; around the 
periphery of Narragansett Bay. It is for these reasons that 
IS the study, a geoelectrical and geohydrological investigation 
of saltwater aquifers, and the study area, the shoreline of 
Narragansett Bay, were chosen (fig. 1). 
Investigation of wells that were drilled for convention-
al (fresh water) use around Narr~gansett Bay indicates that 
those (for which records exist) which.are reported to be 
brackish, have for the large part been drilled•into bedrock. 
Of these, all but four are drilled into the Rhode Island For-
mation. The Rhode Island Formation, which borders most of 
Narragansett Bay, includes fine to course conglomerate, sand-
stone, lithic graywacke, graywacke, arkose, shale and a small 
amount of metaanthracite. The rocks of the northern end of 
the formation are not metamorphosed, but become progressively 
more metamorphosed towards the south. 
Of the wells drilled for the purpose of supplying salt-





























water, both are pumping that water from bedrock, specifically 
from the previously mentioned Rhode Island Formation. One 
well is in Warren (C, fig. 2) and was drilled prior to this 
study and the second, an exploratory well drilled by Sea 
Grant, was drilled in East Greenwich (A, fig. 2). 
Two closely-spaced wells, also drilled by Sea Grant, in 
Tiverton (B, fig. 2) were unsuccessful in finding saltwater. 
Though adjacent to Narragansett Bay, they were drilled into 
the massive Bulgarmarsh Granite rather than into the Rhode 
Island Formation. 
An additional Sea Grant test well, located on Quonsett 
Point (D, fig. 2) was found to penetrate saltwater within the 
Rhode Island Formation, but the high iron content of the water 
makes it unuseable. 
It is to be noted then that these saltwater wells are 
drilled into bedrock, and not simply into unconsolidated sur-
ficial deposits. 
Within the field of saltwater intrusion, the well known 
Ghyben-Herzberg relationship, and modifications thereof, pre-
dicts the depth to, and hence the shape of, the fresh-salt-
water interface as it occurs in unconsolidated materials 
(Davis ·and DeWiest, 1966). This depth is based on the height 
of the local water table above sea level and the density con-
trast between fresh water and saltwater. To discover whether 
this applies to bedrock in which any appreciable porosity must 
be secondary was one of the goals of the study. 
The geophysical field technique used in this study for 
Figure 2. Locations of the Sea Grant test wells (A, B, and D) 
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subsurface exploration is direct current geoelectric depth 
sounding (resistivity depth sounding). Well logs and infor-
mation as to the salinity of well water (for those wells re-
ported) were examined to determine the regions most promising 
as suitable locations for saltwater wells, At these locations 
the geoelectric surveys were carried out, careful note being 
taken of the geology and the subsurface conditions as in-
dicated by well logs. 
The technique of resistivity depth sounding is long 
established in groundwater research (Todd, 1959), both in in-
land and coastal studies. Depths to the saltwater interface 
have been determined in unconsolidated materials and in high-
ly porous volcanic rocks by means of resistivity, but this 
has not been done in fractured rock which otherwise has a low 
porosity and permeability. The evaluation of the usefulness 
of the resistivity method then becomes another aspect of this 
study. 
GEOLOGY AND GEOHYDROLOGY 
Geohydrology of saltwater intrusion. 
6 
Where coastal aquifers come into contact with the sea, 
either at lands end in the case of an unconfined aquifer, or 
seaward of the shoreline as may occur with a confined aquifer, 
the possibility of landward intrusion of sea water exists. 
Normally, there is a discharge of fresh water to the sea. 
With the increased pumping of fresh water from the aquifer 
the seaward flow of groundwater can be reduced or even per-
haps reversed and sea water may enter the aquifer. This is 
-the phenomenon known as sea water of saltwater intrusion 
(Todd, 1959), 
At about the turn of the century W. Badon-Ghyben (1888-
1889) and B, Herzberg (1901) working independently along the 
coast of Europe, discovered the occurrence of saltwater 
underground, The saltwater was not encountered at sea level 
but rather at a depth below sea level which was approximately 
forty times the height of the local water table above sea 
level. Hydrostatic equilibrium was called upon to explain 
that distribution. 
Figure J is a cross section of an unconfined coastal 
aquifer. The total hydrostatic pressure at A is: 
(1) 
withjJs being the density of the saltwater and g the accel-
eration due to gravity. At another point, B, inland from A 
but at the same depth, the pressure will be: 
Figure 3. Idealized fresh- and saltwater relationships in an 
unconfined coastal aquifer illustrating the Ghyben-










PB = f'fghf + A'ghs ( 2) 
withf'f being the density of the fresh water. Combining (1) 
and (2) yields: 
(J) 
which has come to be known as the Ghyben-Herzberg relation. 
If the values l"s = 1,025 gm/ cm3 and ;:'f = 1. 000 gm/ cm3 are 
substituted, (J) becomes 
and here the earlier mentioned factor of forty appears. In 
general, this relationship has been borne out by field 
measurements in coastal areas, 
There are, of course, simplifications and limitations 
involved in the Ghyben-Herzberg relation, If both the fresh 
and saltwater bodies were in a static condition, the water 
table would have no slope and the interface would be hori-
zontal. Fresh water would everywhere overlie saltwater due 
8 
to simple density difference. Fresh water is in a continuous 
motion as a result of changes in replenishment, evaporation, 
and discharge. The escape of fresh water to the sea below 
sea level is not taken into account, nor is seepage above 
sea level, both of which have ben found along many shores 
(Davis and Dewiest, 1966). 
Figure 4 is perhaps a more accurate representation of 
the relationship between salt and fresh water in coastal 
aquifers, incorporating flow lines and equipotential lines. 
Because the total pressure along an equipotential line is 
constant and the flow lines can be seen to slope upward, 
Figure 4. Discharge of fresh water to the sea and the dis-
crepancy between Ghy'ben-Herzberg depth to saltwater and 
actual depth. Solid arrows are flow lines, dashed lines 
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10 
the predicted Ghyben-Herzberg depth to the interface is less 
than the actual depth. If gradients are flat the differences 
will be small, but for steep gradients the error becomes 
large (Todd, 1959). 
In the case of the confined aquifer, the preceeding 
relation holds if the height of the water table is replaced 
by the piezometric head (DeWiest, 1965). It should be noted 
that, based on the Ghyben-Herzberg relation, fresh - salt-
water equilibrium requires that the water table (or pie-
zometric surface) is above sea level otherwise the sea water 
will flow inland (Todd, 1959). It also should be noted that 
the interface is not a sharp contact, but rather is a zone 
of mixing between the two fluids, i.e., a zone of brackish 
water. 
The occurrence of saltwater intrusion has been studied 
worldwide, in such diverse coastal areas as Connecticut 
(Brown, 1925), New York (Luscynski and Swarenski, 1962 and 
1966), New Jersey (Barksdale, 1940), Florida (Segal and 
Pinder, 1976), Texas (Turner and Foster, 19J4), California 
(Ban._~s and Richter, 1953), Hawaii (Swartz, 1937, and Visher 
and Mink, 1964), the Netherlands (Pennink, 1905) and Israel 
(Ginzburg and Levanon, 1976) to name but a few. 
In general, the Ghyben-Herzberg relation has been 
applied to aquifers in unconsolidated materials, or in 
highly porous volcanic rocks or limestones. Although Brown 
(1925) speaks of the occurrence of wells in Connecticut 
pumping saltwater from rock (sandstone), he makes no attempt 
at applying the Ghyben-Herzberg relation. Examination of 
his published data reveals little since the three factors 
necessary (altitude of well, depth to water table, depth to 
saltwater) are not included together for any well, 
It might well be expected that the fresh - saltwater 
interface would behave differently in unconsolidated mater-
ials than in 'solid' rock in which any appreciable porosity 
is secondary. We may here distinguish original pore space, 
which represents interstices created at the time of forma-
tion of the rock (or materials yet to be lithified) and 
secondary porosity which results from the actions of sub-
sequent geological, biotic, or climatic factors upon the 
original rock (Ward, 1967). To this second category would 
belong joints and faults, and these will be the primary 
sites of water storage and flow in well indurated rocks. 
These fissures are not likely to remain openj in general, 
11 
at depths of greater than JOO to 350 feet (90 to 105 meters) 
(Allen, 1953 and Florquist, 1973). 
In such rocks, where ground water is circulating 
through joints and open fractures, the contact zone between 
fresh and s~ltwater is likely to be much more irregular than 
in homogenous porous rocks. Fissures that are filled with 
fresh water may interfinger with those containing seawater 
(Brown, 1925). It is difficult to predict if water will be 
found at all in crystalline rocks and predictions as to 
whether the water is fresh or salty are even more difficult 
to make. One well may be drilled into fractures connected 
12 
with fresh ground water and could yield water of good quality 
near the shore while another well may intercept through 
fractures connected to the sea and yield only saltwater 
(Brown, 1925). 
If the above situation exists, with fresh and saltwater 
in separate fissures (or fissure systems) then it is obvious 
that the Ghyben-Herzberg relation cannot apply. However, if 
a network of fissures receives both fresh and saltwater 
which ultimately come into contact then it is quite possible 
that applications of the Ghyben-Herzberg relation may be well 
founded. This is stated with the realization of the aniso-
trophy inherent to pore spaces which are secondary in nature. 
Only in fissures that are relatively closely spaced and 
random enough in orientation so as to have a relatively 
isotropic hydraulic conductivity can the Ghyben-Herzberg 
relation be approximated. However, the bedrock within the 
study area (predominantly sedimentary rock) cannot be 
considered to be completely devoid of primary porosity. 
These pore spaces could provide communication between 
fissures that are adjacent but not intersecting. 
Geology of the study area. 
The bedrock geology of the study area is based on the 
work of Quinn (1971). The rocks within the study area are 
predominantly the Pennsylvanian rocks of the Narragansett 
Basin, (fig. 5) and include the Dighton Conglomerate, the 
Rhode Island Formation, and the Pondville Conglomerate. 
lJ 
The Pondville Conglomerate lies directly upon the older 
rocks that are at the base of the Pennsylvanian rocks. This 
unit is not continuous, being absent where the sandstone or 
shale of the Rhode Island Formation lie directly upon the 
older basement rocks. The Pondville Conglomerate is a 
gray to greenisb coarse conglomerate with an abundant 
sandy matrix, with much irregular interbedding with sand-
stone and lithic graywacke and is as thick as 500 feet 
(150 meters) in the Tiverton quadrangle. 
The Rhode Island Formation makes up the greater part 
of the study area and is perhaps 10,000 feet (J,000 meters) 
thick, It is of diverse compostion, including fine to 
coarse conglomerate, sandstone, lithic graywacke, graywacke, 
arkose, and shale, with a small amount of metaanthractie. 
The rock is mostly gray, dark gray, and greenish, but some 
of the rock is black, particularly the shale and meta-
anthracite. Interbedding of these is irregular and cross-
bedding is common. Concentrations of shale in the south and 
southwest and conglomerate in the north and northeast com-
bined with increasing quartz content of sediment to the 
south and southwest (Towe, 1959), indicates a sediment source 
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in the northeast and transport to the south and southwest. 
This is borne out by directions of crossbedding, alignment 
of plant stems, and other sedimentary features. The well 
indurated but unrnetamorphosed rocks of the north give way to 
progressively higher grades of metamorphism to the south. 
Coal, anthractie and metaanthracite is also present in the 
Rhode Island Formation. 
The Dighton Conglomerate, youngest of the rocks of the 
Narragansett Basin, includes gray conglomerate and lithic 
graywacke and sandstone, irregularly interbedded. 
Other rocks within the study area include the slate and 
quartzite of Newport and vicinity (Cambrian to Precambrian -
?), the volcanic tuff, conglomerate, and quartzite of New-
port and vicinity (Cambrian?), mica chlorite schist of 
Sakonnet (Cambrian?), the Metacom Granite Gneiss (Paleozoic), 
the porphyritic granite at Newport and Conanicut Island 
(Paleozoic), the Bulgarmarsch Granite (Paleozoic) and the 
Narragansett Pier Granite (P~nnsylvanian?). The glacial 
overburden of till and outwash is generally held to be of the 
most recent (Wisconsin) glaciation. 
16 
Subsurface saline geohydrology of the Narragansett Bay Area. 
A careful inventory of the well reports of the study 
area, and information from various other sources (summarized 
in table 1), has revealed that 29 wells are reported to be, 
or to have been, pumping brackish or salty water (fig. 6). 
Of these wells, 23 are drilled into bedrock, 19 of which pene-
trate the Rhode Island Formation, 2 of which are in the slate 
and quartzite of Newport and vicinity, and the remaining two 
of which are drilled into the Bulgarmarsh Granite. It would 
seem logical that most of the wells are in the Rhode Island 
Formation since it covers the greater part of the study area. 
It must be ascertained whether the brackishness of the 
water is a positive indication of saltwater intrusion. Wait 
(1965) has pointed out that in coastal areas the appearance 
of abnormally high amounts of chloride in water which was pre-
viously fresh is often considered and not always correctly -
prima facie evidence of saltwater intrusion. He goes on to 
point out that there are several other physical processes 
(unnamed) that can lead to similar contamination, and points 
to brackish connate water in the limestones of Glynn County, 
Georgia. This however is in strong contrast to the bedrock 
geology of the present study area, as is the general charac-
ter of groundwater away from Narragansett Bay. Wells in the 
Rhode Island Formation that are not adjacent to Narragansett 
Bay show no sign of connate saline water. 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































centration in excess of 100 ppm (parts per million) imparts a 
salty taste to water, so we may assume that water reported to 
be brackish contains at least this concentration. Brown (1925) 
states that chloride concentrations of 25 to 100 ppm, where 
no other cause for pollution is evident, is considered to in-
dicate a trace of sea water. A concentration of 100 to JOO 
ppm is considered definite evidence of contamination. 
Exploratory wells, funded by Sea Grant, were drilled at 
two locations, East Greenwich (A, fig. 2) and Tiverton (B, 
fig. 2) during the course of this study, and later at one 
additional location on Quonsett Point (D, fig. 2). These well 
sites were chosen on the basis of their proximity to Narra-
gansett Bay and because of lithological similarity to a well 
location in Warren (C, fig. 2) which is producing saltwater 
used in seafood processing. Also, they were drilled near 
seafood companies who could use the saltwater if any were 
encountered, Prior to the drilling of the earlier two wells, 
it was considered that the East Greenwich site, on the basis 
of its greater similarity to the Warren well (Blount, table 1), 
had the greater potential for locating saltwater (J. Fisher, 
personal communication). 
The well drilled in East Greenwich (Finn, table 1) 
approximately 60 feet (18 meters) west of Greenwich Cove was 
successful in finding saltwater (salinity 28,000 ppm, total 
iron 1.5 ppm; J. Howe, personal communication). After dril-
ling through glacial till, bedrock of the Rhode Island Forma-
tion was struck at 124 feet (37.2 meters). Saltwater was en-
21 
countered at a depth of 160 feet (48 meters). 
Two wells, about 100 feet (JO meters) apart, were drill-
ed at the Tiverton site on the east bank of the Quaket River. 
Both of these passed through the Pondville conglomerate and 
ended in the underlying Bulgarmarsh Granite at depths of JlO 
and 205 feet (93 and 61.5 meters). Though the water from the 
well was definitely contaminated by seawater, the salinity 
was not sufficiently high for its intended purpose (salinity 
10,000 ppm, total iron 2.5 ppm; J. Howe, personal communica-
tion). 
The Sea Grant test well on Quonsett Point (Quonsett, 
table 1) was drilled about 100 feet (JO meters) inland, near 
the base of the carrier pier. Ending at a depth of 170 feet 
(51 meters), it is drilled into the Rhode Island Formation. 
The water from this well is saline (salinity 27,000 ppm, 
total iron 33 ppm; J. Howe, personal communication), but the 
high iron content makes it unuseable for seafood processing. 
GEOPHYSICS 
Theory of direct current resistivity. 
There are many geoelectrical methods in use, and per-
haps the most straightforward in terms of operation, equip-
ment, and interpretation is the method of direct current con-
duction which is termed the resistivity method (Grant and 
West, 1965). The following discussion, based on Grant and 
West (1965) will serve as an introduction to the key concepts 
involved. 
Ohm's law is the underlying principle of any of the 
geoelectric methods. As applied to circuits, it states that 
if a direct current flows through a passive circuit element, 
the ratio of the potential drop across that element to the 
current flowing through it is a constant which is character-
istic of that element. This constant is defined as the 
electrical resistance of the material, which is given by the 
formula 
Resistance R = -AV' 
I 
(5) 
If, as a corollary to Ohm's law, a uniform electrical current 
flowing through a homogenous cylinder in the direction of its 
axis is considered, the resistance will be proportional to 
the length Land inversely proportional to the cross-section-
al area A, or 
R = _,oL 
A 
(6) 
wherep is the constant of proportionality and is numerically 
equal to the resistance between opposite faces of a cube of 
unit dimensions cut from the material through which the 
current is flowing. This constant is called the resistivity, 
or less frequently the specific resistance of the material. 
The resistivity value is expressed in units of ohm-length 
and are typically expressed as ohm-meters, but in this study 
all well data are in feet, along with the tapes used in the 
field during the course of the resistivity work, so that the 
resistivity will be expressed first in ohm-feet and then in 
ohm-meters. 
The argument may be extended to small volumes. Consider 
the current density field J, rather than the total current 
flowing through a finite volume, and potential gradient E, 
rather than potential drop across the specimen. Consider 
also a small rectangular parallelepiped with linear dimen-
sions .6.X, A Y ,D,.Z which is situated at point P and has an 
orientation such that OZ is in the direction of the current 
density vector J at P. If no discontinuities are present in 
the current field at P, the resistance across the parallel-
epiped can be expressed as: 
R = E .6.Z 
J .6.X AY 





This holds as V becomes very small, and it is meaningful to 
speak of· a resistivity at point P. Resistivity then becomes 
a physical property of a material, along with others such as 
density. E and J will be in the same direction if the mate-
rial is isotropic and the differential form of Ohm's law is: 
;OJ = E (9) 
in the literature of physics and chemistry the reciprocal of 
the resistivity, the conductivitya-, is frequently used and 
in the MKS system is expressed in units of lVIHO/meter. Though 
it might seem logical to describe a good conductor as possess-
ing a high conductivity rather than a low resistivity, the 
use of resistivity is entrenched in the fields of geology and 
civil engineering. It is for this reason that resistivity 
rather than conductivity will be used in this study. 
Resistivity of earth materials. 
Not considering the metallic and semi-metallic minerals, 
most of the rock-forming minerals are compounds with mixed 
ionic and covalent bonding. As a result, they are essentially 
electrical insulators and their resistivity is extremely high, 
and falls into the range of 3.3 x 1012 to 3.3 x 1017 ohm-feet 
(10 12 to 1017 ohm-meters) if not infinite. The presence of 
ubiquitous impurities and defects may decrease resistivity by 
a few orders of magnitude, but it will still be high. Actual 
measurements of in situ resistivities lie in the range of 3.3 
8 1 8 to 3.3 x 10 ohm-feet (10 to 10 ohm-meters), much smaller 
than values found in the laboratory. This is due to the fact 
that even the tightest metamorphic and igneous rocks contain 
moisture in minute cracks and along grain boundaries suffi-
cient to conduct electricity by electrolytic transport. This 
has been substantiated by drying specimens and observing the 
increase in resistivity after dessication. 
This leads to the important realization that the resis-
tivity of a rock has very little to do with its mineral com-
position. The key determining factors are porosity, perme-
ability, and the electrical properties of the pore fluid, 
Nevertheless, tables have been made (Schlieter and Telkes, 
1942) of resistivities (and conductivities) for many samples 
of various rock types. These are summarized here as a series 
of histograms (fig. 7), for igneous, metamorphic, and sedi-
mentary rocks and for unconsolidated sediments and soil. They 
Figure 7. Histograms of resistivity measurements listed in 
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cannot be ascribed a simple statistical meaning, since the 
observations do not form a representative or random sample. 
Generalizations, however, can be made. The unconsolidated 
materials and sedimentary rocks have a notably lower resis-
tivity than most igneous rocks because of their higher poro-
sities and moisture content. The metamorphic rocks are more 
variable with their large range of porosities which may vary 
from values similar to those of sediments to near zero for 
those metamorphosed under very high pressure. The resistiv-
ity of soils are similar to those of sedimentary rocks, pro-
bably due to the fact that, in general, though the sediments 
have greater porosity, they are filled with purer water than 
that found in older, more deeply buried rocks. 
A high porosity is of little aid to electrical conduct-
ance if the voids are dry. This is hardly ever the case in 
nature and below the water table, by definition, the voids 
are completely water filled. Once the zone of saturation has 
been penetrated, and assuming porosity remains constant, the 
composition of the pore fluid becomes the determining factor 
for resistivity. Temperature too plays a role, but the vari-
ation is minor within the shallow depths here involved, With 
increasing ion content, and within this study the chief ion 
is chloride, the resistivity decreases. In solutions which 
are dilute the resistivity can be closely correlated with the 
total ion content, but the relationship becomes more compli-
cated for higher concentrations. Estimations of the resis-
tivity of water on the basis of its ionic content may be 
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readily made, and calculations of this type have been carried 
out (Dunlap and Hawthorne, 1961; Logan, 1961). 
The above considerations can be summarized by the empir-
ical relationship known as Archie's Law (Archie, 1942), which 
introduces the concept of formation resistivity. It is 
expressed as: 
(10) 
where R0 is the formation resistivity, Rw is the resistivity 
of the pore water, ~ is the porosity, and a and mare con-
stants. It is R0 which will be measured in the field. For 
well indurated rocks, m varies between 2.25 and 1.6, with the 
lower value representing less cemented materials (Keller and 
Frischknecht, 1970) and a is near 1, For unconsolidated 
materials, a= 1 and m = 1.3 (Wyllie and Gregory, 1953). 
The presence of clays and other hydrous substances such 
as serpentine in the pores of a rock are found to decrease 
the resistivity of a rock. Although dry clays are not in 
themselves unusually good conductors, a small amount of ex-
cess water can make them so. 
Shales, in general, have higher resistivities than the 
more porous rocks and can exhibit a strong anisotropy~ due to 
the alignment of platy grains parallel to bedding, with the 
lower resistivity being in that direction. The ratio of trans-
verse to parallel resistivity may be as large as 4 to 1. 
From all of the above, it becomes apparent that resis-
tivity may distinguish between materials which are porous and 
those which are not and/or distinguish between 'wet' as op-
posed to 'dry' materials and distinguish different ionic 
concentrations within the pore fluids. If porosity, perme-
ability and the general nature of subsurface materials re-
main constant, or can be accounted for, changes in the amount 
of pore fluid (i.e., the water table) and changes in ionic 
composition (i.e., the saltwater interface) can be discerned 
on the basis of resistivity changes. 
JO 
Practice of Schlumberger depth sounding. 
In the resistivity method, and specifically, in the 
Schlumberger (electrode) configuration that was employed in 
this study, a current is caused to flow in the ground between 
two electrodes and a potential due to this current is measured 
at two other electrodes (fig. 8a). Regardless of array geo-
metry, there are two basic procedures that may be used. In 
profiling the spacing between electrodes is kept fixed and 
the entire array is moved in an attempt to find lateral 
changes in resistivity. In depth sounding, employed in this 
study, the array is expanded about a common center with re-
sultant increasing depth penetration with each expansion 
(fig. 8b). 
In the introductory section on resistivity homogeneity 
of the material was assumed. Now a subsurface which has 
layers of contrasting resistivity must be considered, that 
is, we wish to be able to detect vertical changes in the 
nature of the subsurface material, 
As was previously stated, the electrodes are moved out-
ward about a common center in the process of performing a 
resistivity depth sounding. These electrodes are arranged 
along a straight line. The Wenner array is popular in the 
United States, and has been used in Rhode Island (Fisher, 
1967) and elsewhere. 
For either the Wenner or the Schlumberger array, the 
current is applied to the outer electrodes and the potential 
Figure 8. A. The Schlumberger configuration. The current, I, 
flows between electrodes A and B. The potential, V, is 
measured between electrodes Mand N. 
B. Increased depth penetration with increased electrode 
seperation. 
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is measured across the inner electrodes. When the Wenner 
array is expanded, the distances between electrodes (a spac-
ing) is kept equal and all four electrodes must be moved, If 
the Schlumberger configuration is employed, most widely used 
outside the United States, the current electrodes are moved 
out symmetrically for each successive measurement, but the 
potential electrodes are only moved outward when the potential 
becomes too small to measure accurately at the present spac-
ing. The distances are arranged such that 5MN< AB is always 
the case; thus in the field, the Schlumberger array is more 
easily handled by a small crew. The Schlumberger configura-
tion is also less susceptible to near surface lateral inhomo-
genieties than is the Wenner. 
The purpose of expanding the electrode array about a 
common center is to cause the current to flow to greater 
depth, and thus to 'sample' a greater depth of material, In 
this way, vertical changes in the resistivity (and thus the 
factors which control resistivity) may be noted, The ap-
parent resistivity_pa, which is read at the surface, must be 
distinguished from the true resistivities of the individual 
layers from the surface to the depth to which the current 
penetrates, The apparent resistivity may be thought of as 
the weighted average of the true resistivities, 
It has been demonstrated that the apparent resistivity 
measured on the surface of an inhomogeneous earth is given by 




where K is a geometrical factor depending on the arrangement 
of the electrodes (Bhattacharya and Patra, 1968), and for the 
Schlumberger arrangement (fig. 8) becomes: 
2 2 





The apparatus used is relatively simple (fig. 9) (des-
cribed in Frohlich, 1973). A 12 volt battery capable of 
supplying 15 amperes powers a motor-generator producing a 
maximum of 400 volts direct current at 0,25 amperes which is 
fed through a number of variable and constant resistances so 
that the amount of current flowing through the ground may be 
controlled, A reversing switch is employed so that polariza-
tion effects at the current electrodes can be kept to a mini-
mum. The amperemeter is located before the reversing switch 
so that it always reads a positive current, The current is 
fed into the earth via two steel stake electrodes. The 
potential is measured with a sensitive millivoltmeter coupled 
to the earth via two porous pot electrodes which are filled 
with a solution of copper sulfate. This minimizes contact 
effects with the soil which might otherwise occur with metal 
electrodes and cause an unwanted potential, Cables and tapes 















































































































































Previous use of resistivity in groundwater research, 
Direct current resistivity is a long established tool in 
groundwater research, The major application of resistivity 
depth sounding has been in areas where the resistivity values 
can be tied to borehole data, and the resistivity method used 
to fill in between and extend the area of reconnaissance with-
out the expense of additional drilling, Habberjam (1976) has 
suggested their use and interpretation without such borehole 
control, Chiefly, the method has been used to determine depth 
to water table and the thickness of aquifers in an attempt to 
determine their reservior capacity. Such studies have been 
carried out in the glacial materials of Rhode Is1and (Fisher, 
1967; Diesl, 1976) and elsewhere. 
Resistivity has been used to trace groundwaters with 
unusual compositions, chiefly pollutants such as mine (Hack-
barth, 1971; Merkel, 1972) and landfill effluents, sewage and 
oil field brines (Warner, 1969), and mineralized ground water 
(Sayre and Stephenson, 1937), 
The technique has also been applied to delineate zones 
of saltwater intrusion in co~tal areas (Swartz, 1937; Van 
Dam, 1976; Ginzburg and Levanon, 1976). Such distinctions 
between fresh and saltwater at depth by geoelectrical means 
have been made with a high degree of accuracy (Dobrin, 1976), 
The technique does not appear to have been applied to 
rock aquifers of the sai~e lithologic type, degree of indura-
tion, and hydraulic properties as the rocks of the present 
study area. Here the factors controlling the applicability 
of the resistivity method will be spacing, communication be-
tween, and orientation of the fissures. 
) 
Geoelectric interpretative technique . 
.' t 
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The resistivity data collected in the field consists of 
electrical current and potential readings, and the electrode 
spacings at which each of these readings was taken. These 
readings are converted into an apparent resistivity value by 
the application of (11), The data is presented as a graph 
of L/2 (half of the current electrode spacing) on the x axis 
and,Pa on they axis plotted on bilogarithmic (log-log) 
paper. 
Curves may be divided into groups on the basis of the 
number of layers present in the subsurface and the ratios of 
the resistivities of those layers. For the two layer case, 
two possibilities In the ascending type ,,o2/A is 
greater than unity, and in the descending type,P 2f;o1 is less 
than unity. 
Three-layer curves can be divided into four groups 
(Bhattacharya and Patra, 1968): 
(1) Minimum type where;e 1>;0 2~. This is known as the H-
type (after Hummel), 
(2) Double ascending type where,P 1<S,o2"SOJ· This type is 
known as the A-type (where A designates anisotropy). 
(J) Maximum type wherep 1<,,,o2~PJ' This type is known as K-
type or DA-type (displaced or modified anisotropy). 
(4) Double descending type where_p 1>p2>;03 , This is known as 
Q-type or DH-type (displaced Hummel). 
By combining the curves of types H, A, K, and Q it can 
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be seen that there are eight types of four-layer curves 
which are designated as HA, HK, AA, AK, KH, KQ, QH, and QQ, 
There may be more than four layers indicated by the data and 
the combinations quickly become too numerous to list. 
Most commonly, resistivity data is interpreted by com-
parison to curves which have been theoretically generated for 
various layer cases. Rather than dealing with specific 
values ofpa and h (layer thickness) for each layer, these 
values are expressed as ratios to the values for layer one. 
This is done because, the curves being logarithmic, the curve 
will have the same form for any value of_f71 and h1 as long as 
f'2 = ;02/;:,1 remains constant (Bhattacharya and Patra, 1968). 
Changing f'l will shift the curve upward or downward, parallel 
to the ordinate, and changing h1 will shift the curve left or 
right parallel to the abcissa, again, as long ash= fl2IA 
remains constant. 
Published master curves are available for two-(Compagnie 
General de Geophysique, 1963; Orellana and Mooney, 1966), 
and three-(Wetzel and McMurry, 1937; Compagnie General de 
Geophysique, 1955, 1963) cases, where the layers are horizon-
tal, The method of computation of these curves is complex, 
and they are usually generated by means of an electronic 
computer. 
It is possible to rapidly and reasonably accurately con-
struct suitable empirical master curves which may be used in 
cases where theoretical master curves are not available, 
Though this method was not employed in the present study, it 
is outlined in detail in Bhattacharya and Patra (1968). 
There are a number of procedures for calculating standard 
curves by means of nomographs (Scott, 1963), calculators 
(Flathe, 1955; Van Dam, 1965; Mooney, et al., 1966) and 
large digital computers (Argelo, 1967; Van Dam, 1967). 
0 
In the present study, the curves were interpreted by the 
use of available two-layer master curves and auxiliary point 
charts and three layer master curves by the procedures in 
Bhattacharya and Patra (1968, p. 70-74) and summarized brief-
ly below. 
The curves should be plotted on transparent bilogarith-
mic paper having a scale matching the master curves (in this 
case 83.33 mm per modulus) so that they may be superimposed 
on the master curves. 
In the two-layer case, first the correct set of master 
curves (ascending or descending) is chosen and the field 
curve is placed over it. The field curve is shifted in posi-
tion, keeping the axes parallel to the coordinate system, 
until a good match is obtained. 
The coordinates of the origin of the master curve are 
read on the field curve, and these are the values of;0 1 and 
h1 . The valuef' 2 = j'2/;01 is read from this theoretical curve 
and;0 2 is readily calculated. If the second layer is of in-
finite resistivity, the right hand portion of the curve will 
be at 45° to the axes. If a good match can not be made, in-
terpolation on a logarithm scale must be done. 
Three layer curves may be interpreted with the aid of 
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available two-and three-layer curves and auxiliary point 
charts. If a satisfactory fit cannot be made with the three-
layer curves, the first two layers are matched with a two-
layer master curve. Then an auxiliary curve having the same 
is superimposed and a reduced layer of thickness h and 
e 
resistivity ,,Pe is established, which has the combined effec-
tive thickness and resistivity of layers one and two. Thus 
the three-layer case has been reduced to two for the remain-
der of the curve matching process. In a similar manner, a 
four-layer case may be reduced to one of three layers. 
After completion of this curve matching process, the 
interpretation was refined by the use of a computer program, 
translated into FORTRAN, by H. C, Jachens of Columbia Univer-
sity from an ALGOL program by S. M. Argelo (1967). The 
ratios of thickness (the values of which must be integral) 
and resistivities of the various layers as determined by 
curve matching are used as input to the computer, and a theo-
retical curve for these parameters is generated. This theo-
retical curve is compared to the field curve and t_he para-
meters are subtly altered until a near perfect fit is made. 
Implementation of this program effectively gives the user an 
infinite catalog of master curves. 
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Description of geoelectric test sites. 
Although many locations within the study area have re-
ported brackish water in wells, a geoelectric depth sounding 
may not always be made at these sites. Several hundred feet 
(depending on desired depth penetration and resistivity of 
subsurface materials) of exposed surface, clear of buildings, 
pavement, or other obstructions, must be available for the 
implantation of electrodes. Wells in highly developed areas 
are thus eliminated, as are those situated in rough terrain 
or very heavily vegetated areas. Within these constraints, 
and with consideration of geographically and geologically 
even coverage of the study area, four sites at or close to 
suitable wells were chosen (fig. 10). Unfortunately, along 
with many other localities, the site of the successful salt-
water well drilled by Sea Grant in East Greenwich is not 
amenable to geoelectric depth sounding because of the heavy 
development of the area (building density, paved areas, etc.). 
The site in Warren (41°43 1 46 11 N, 71°17'07" W; A, fig. 
10) at which the resistivity depth sounding was made is 
approximately 200 yards (180 meters) south of a well which 
is pumping saltwater for seafood processing (personal commu-
nication, F. N. Blount). The sounding was made along a north-
south line. Depth to bedrock, mapped as Rhode Island Forma-
tion, is 15 feet (4,5 meters). The bedrock is covered by 
glacial outwash, 
At the Bristol test site (41°40'30" N, 71°17'27" W; B, 
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fig. 10) an initial depth sounding was made along a north-
south line 28 feet (8.4 meters) west of a well that was re-
ported to be brackish (well no. BRI.104, table 1), The bed-
rock, mapped as Rhode Island Formation, is covered by 52 feet 
(15.6 meters) of glacial till, A total of four soundings 
were made at this location and were arranged as indicated in 
figure 11, This was done after an encouraging curve (BRI,104 
(0)) was made, Due to unsteady readings, which were later 
discovered to be due to a break in the insulation of one of 
the potential cables, the sounding BRI,104 (III) was not used, 
At the Goddard Park test site (41°39'59" N, 71°26 1 05"; 
C, fig. 10), the depth sounding was made along a northeast-
southwest line centered about 500 feet (150 meters) east of 
a well reported to be brackish (well no. WAR,20, table 1). 
Two different depths to bedrock have been reported; 75 feet 
(22,5 meters) (Allen, 1953) and 10 feet (J meters) (Allen, 
1956), At this location the Rhode Island Formation is cover-
ed by glacial outwash, 
A hammer seismic survey has revealed a possible glacial 
stream channel crossing the line of the geoelectric depth 
sounding, with a depth to bedrock of greater than 100 feet 
(JO meters) (personal communication, R. K, Frohlich), 
At the Brenton Point site (41°27'20" N, 71°20 1 21" W; D, 
fig. 10), the depth sounding was centered 550 feet (165 
meters) north of the well (well no, NEP.Jl, table 1) reported 
to be brackish, and was made along a north-south line. Depth 




















































































































is 10 feet (J meters). Depth to water is reported to be 11.4 
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Figure 15. Field curve for the Bristol (0) depth sounding 
(B, fig. 10) adjacent to well BRI.104, along with 
matching master curve segments. The curve is of the 
4-layer HK-type (ji>;021/3-;04 ). The parameters are: 
resistivity 
(ohm-feet) (ohm-meters) 
;01= 5,100 1530 
,,.02= 1, 700 510 
,,.03= 38,000 11,400 
;04""" 0 0 












Key to the master curve segments: 
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Figure 17. Field curve for the Bristol (II) depth sounding 
(B, fig. 10) adjacent to well BRI.104, along with 
matching master curve segments. The curve is of the 
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Analysis of the Newport depth sounding, 
Layer 2, beginning at a depth of two feet (0.6 meters), 
represents the top of the zone saturation. The very high re-
sistivity (greater than 250,000 ohm-feet; 75,000 ohm-meters) 
which follows at 38 feet (11.4 meters) may represent the top 
of the bedrock, The high resistivity value is to be expected 
of the bedrock at this locality (interbedded slate and quartz-
ite) if it is 'dry'. If the low resistivity layer of 33 ohm-
feet (10 ohm-meters) which follows at a depth of 60 feet (18 
meters) is interpreted as a zone with saltwater occupying the 
pores, a problem develops, If the bedrock is porous enough 
at that depth to admit saltwater, why is it not equally 
porous nearer the surface and allow fresh water into the pores 
(the high resistivity is here taken to indicate low porosity)? 
The nature of the pore spaces must be considered, If 
the pattern is one of horizontally oriented fissures, then 
the saltwater would be free to enter from the sea; while 
groundwater would not percolate downward. Alternatively, the 
bedrock could be covered with relatively impermeable clayey 
layer, keeping the top of the bedrock dry. 
Based on the altitude above sea level at which the depth 
sounding was made (+10 feet; 3 meters), the water table is 
at +2 feet (0.6 meters) and the top of the saltwater is at 
-58 feet (17,4 meters). This yields a Ghyben-Herzberg ratio 































































































































































































































































































































Analysis of the Goddard depth sounding. 
Since two layers were required to model the first de-
scending portion of the curve the interpretation requires five 
layers. The resistivity shown by the first few layers may be 
due to the fact that the sounding was made along the top of a 
man-made strip of earth separating a parking lot from the 
beach, as this was the only convenient site available ad-
jacent to the well (WAR.20). The change in resistivity at J 
feet (0,9 meters) depth may represent the base of the barrier. 
The layer at 9 feet (2.7 meters) depth with a resistivity of 
22,5 ohm-feet (6.8 ohm-meters) may represent the water table, 
but the value measured is quite low, although soils with re-
sistivity this low have been reported, 
As in the previous sounding, an abrupt (though not as 
severe as in the previous case) resistivity high is encoun-
tered, being at a depth of 24 feet (7.2 meters). Again the 
value is reasonable for the bedrock type (Rhode Island For-
mation) or perhaps just a bit high. At any rate, it is fol-
lowed by a layer of resistivity 2.7 ohm-feet (0.8 ohm-meters) 
at a depth of JO feet (9 meters). Considering the very low 
resistivity and immediate proximity to Narragansett Bay, the 
figure may be taken to indicate the presence of saltwater at 
depth. 
Although the possible effects of lateral changes in the 
subsurface must always be kept in mind, these lateral changes 
may be particularly important in this case. The sounding was 
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made parallel to the beach, less than 100 feet (JO meters) 
from the water. Since current flows not only directly down-
ward, but horizontally as well, the low resistivity may re-
present the distance to the zone of beach sand which is salt-
water saturated. 
Based on the altitude of 10 feet (J meters) above sea 
level at which the survey was made, the top of the water table 
is at +l foot (O.J meters) and the top of the saltwater is at 











































































































































































































































































































Analysis of the Warren depth sounding. 
The drop in resistivity at 2,4 feet (0,7 meters) may re-
present the top of the zone of saturation. The increase in 
resistivity at 14.4 feet (4.J meters) could be an indication 
of the depth to bedrock. The final drop in resistivity to a 
value of 81,3 ohm-feet (24.4 ohm-meters) at a depth of 16.8 
feet (5 meters) is not taken to be an indication of saltwater. 
An alternative interpretation is that the layer at 16.8 
feet (5 meters) is the water table and the other resistivity 
changes represent layering in the overburden. This second 
interpretation is the more reasonable of the two. 
Since the depth sounding was made at 15 feet (4.5 meters) 
above sea level, the water table (as computed) is at or below 
sea level. If this is the case, the aquifer must be confined; 
otherwise, the seawater would be flowing directly into it. 
Viewed in this light, the high resistivity layer at 14.4 feet 
(4.J meters) would be the impermeable layer which is confin-
ing the aquifer. 
Figure 21. Field curve for the Bristol (0) depth sounding 
(B, fig. 10) and the best match computer curve, the 


















In real units on the basis of the origin (,p1=5,100 
ohm-feet, h 1=3 feet) of the first segment of the curve: 
(ohm-feet) (ohm-meters) ( feet) (meters) 
5,100 1,530 h - 3 0.9 1-
1,530 459 h2= 36 10.8 
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Analysis of the Bristol (0) depth sounding. 
The drop in resistivity at a depth of 3 feet (0.9 meters) 
is taken to be the top of the water table. Following the 
pattern of the three previous cases, a layer of high resistiv-
ity follows at a depth of 36 feet (10.8 meters). The dropoff 
to a final layer of resistivity 5.1 ohm-feet (1.5 ohm-meters) 
is quite marked and is taken to indicate the presence of 
saltwater at a depth of 39 feet (11.7 meters). 
Based on the altitude at which the sounding was made, 
+25 feet (7.5 meters), the Ghyben-Herzberg ratio is less than 
unity (0.67). 
Figure 22. Field curve for the Bristol(I) depth sounding 
(B, fig. l0)and the best match computer curve, the 


















In real units on the basis of the origin (A=2,800 
ohm-feet, h 1=1.7 feet) of the first segment of the 
curve: 
(ohm-feet) {ohm-meters) (feet) (meters) 
2,800 840 h = 1.7 0.5 
4,200 1260 hl= 8.5 2.6 2 
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Analysis of the Bristol (I) depth sounding. 
This is the first of the 4-layer curves so far presented 
that is not of the HK-type (it is of the KQ-type). The in-
crease in resistivity at the shallow depth of 1.7 feet (0,5 
meters) is taken to indicate a change in the nature of the 
soil. The decrease in resistivity at 8.5 feet (2.6 meters) 
is an indication of the depth to the water table. The low 
(2.8 ohm-feet; 0.8 ohm-meters) resistivity layer modeled at a 
depth of 59.5 feet (17.9 meters) is interpreted as being salt-
water saturated. 
Presence of the bedrock, if it has been reached, is 
masked by the other resistivity changes occuring with depth. 
Considering the altitude at which the sounding was made, 
the Ghyben-Herzberg ratio becomes 1.37. 
) 
Figure 23. Field curve for the Bristol (II) depth sounding 
(B, fig. 10) and the best match computer curve, the 
















In real units on the basis of the origin y,1=3,000 
ohm-feet, h
1
=1.3 feet) of the first segment of the 
curve: 
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3,000 900 h1= 1.3 0.4 
6,000 1800 h2= 15 4.5 
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Analysis of the Bristol (II) depth sounding. 
The depths of layers and their resistivities are quite 
similar to those for sounding (I) at the same location (see 
fig. 22) as might well have been expected, although this 
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curve is somewhat smoother. Again, the shallow layer change 
is attributed to change in soil type. The decrease in resis-
tivity at 15 feet (4,5 meters) indicates the depth to the 
water table. The dropoff to a low resistivity (J ohm-feet; 
0.9 ohm-meters) occurs at 43.8 feet (lJ.1 meters) and again 
is interpreted as evidence of the presence of saltwater. 
The sounding having been made at an altitude of JO feet 
(9 meters) above sea level, the Ghyben-Herzberg ratio, as was 
the case for the Bristol (0) sounding, is less than unity 
(0.92). 
Since all three soundings (0, I, -and II) at this loca-
tion show saltwater at depth, suspicion of lateral effects 
may be dismissed. That is, the indication of saltwater re-
mains clear as the sounding-lines were moved inland, away from 
the open water (fig. 11). 
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DISCUSSION 
It must be remembered that due to the principle of equi-
valence, many different theoretical models (and actual sub-
surface configurations) may produce the same depth sounding 
curve. As Plathe (1976) has pointed out, even with modern 
computer interpretative techniques the principle of equi-
valence and anisotropy can still cause very real problems in 
interpretation. The author has demonstrated this to himself 
by inadvertently generating the same theoretical curve with 
different models as input. For example, two models for the 
Newport sounding had depths to layer interfaces (expressed in 
ratio to the thickness of layer one) of 1, 19, and 21, and 1, 
19, and 20, The corresponding resistivities (in ratio to the 
resistivity of layer one) were 1, O.J45, 500 and 0,011, and 
1, O.J45, 1000, and 0,011, In this case reducing the thick-
ness of layer three by a factor of two and increasing its 
resistivity by the same factor produced an identical curve. 
The curves which have been presented fall into one of 
two four-layer types: the HK-type (A_>n<jo-J>,A+) or the KQ-
type (A._~ 2~J°J~), with the exception of the curve for well 
WAR,20 which, if layers 2 and J are taken as a single layer, 
also has the form of an HK-type curve. 
Though the curves fall into two different type-cate-
gories, they have one common feature: the deepest layer 
measured has the lowest resistivity. With the exception of 
the Blount well sounding in Warren and the Newport NEP.Jl 
sounding, the slope of the final segment is very steep 
indeed. This is in strong contrast to the more 'typical' 
curve which might be expected from a depth sounding which has 
penetrated bedrock. In a great many cases, the final rising 
segment of the curve, with a slope approaching 45 degrees 
(indicating infinite resistivity) is taken to indicate 
bedrock. 
In all of the HK-type curves presented (and the 5-layer 
case with the appearance of an HK-type) the high resistivity 
of layer J (4 in the 5-layer curve) is somewhat difficult to 
explain. It would be expected that the upper-most portion 
of the bedrock would be the most porous if we consider bed-
bing plane or secondary porosity, since with overburden 
pressure these pores would be expected to decrease in volume 
with depth. Since the depths in this study are not great, 
the effect of overburden pressure may not be a factor. An 
alternative hypotheses would be an impermiable, high resis-
tivity clay layer immediately above the bedrock. 
The 2 KH-type curves have a high resistivity second 
layer, but here the position in the vertical sequence is 
different and the resistivity contrast is less severe. 
With the exception of the Blount well sounding in 
Warren, all soundings indicate the presence of saltwater at 
depth, or a layer which for some other reason is of low re-
sistivity. The Newport (NEP.Jl) sounding does not show this 
as strongly as the others but a 33 ohm-foot (10 ohm-meters) 
layer in a coastal area is likely to be saltwater saturated. 
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An examination of the data reveals that in none of the 
cases has the approximate ratio of saltwater depth below sea 
level to fresh ~ater height above sea level of 40 to 1, as 
predicted by the Ghyben-Herzberg relation, been even closely 
approached. This may be due to the fact that, as suggested 
by Van Dam (1976), the water table depth cannot be accurately 
determined by geoelectrical means, but rather, the top of the 
capillary fringe is what is detected, This may explain some 
of the rather shallow water table depths as interpreted in 
this study. The difference between predicted depths and 
those actually measured is most likely to be due to the aniso-
tropic nature of the bedding plane and secondary porosity of 
the bedrock. The previously hypothesized impermiable layer 
at the top of the bedrock would also lead to the same result 
of keeping the saltwater separated from the fresh water, 
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CONCLUSIONS 
The presence of saltwater at depth in rock aquifers at 
several locations within the study area at control well sites, 
as detected by the resistivity depth sounding method, has been 
amply evidenced. It may then be concluded that the resistiv-
ity method is a useful tool in determining the presence of 
and depth to saline water in the sedimentary and metamorphic 
rocks which surround Narrangansett Bay. The method is then 
suitable for a large-scale reconnaissance of the study area 
with respect to developing saltwater wells to be used in the 
seafood industry. 
In these aquifers, the saltwater interface was not 
found to lie at depths predicted by the Ghyben-Herzberg 
relation due, most likely, to a lack of direct communication 
between the fresh and saltwater, the water being contained 
in bedding plane pores and pores of a secondary nature. 
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Table 2, Field data for the Newport depth sounding. 
L/2 L 1 K I V ,.Oa 
---(feet)---- (ma) (mv) (A-ft,) (.n.-meters) 
4 8 3 14.4 100 13000 1908 572 
13500 
5 10 3 23.8 90 6500 1653 496 
6000 
6 12 3 35,J 75 2900 1364 409 
2900 
8 16 J 65 100 2000 lJOO 390 
2000 
10 20 J 102 100 1200 1199 360 
1150 
lJ 26 3 175 90 600 1167 350 
600 
16 32 J 266 65 230 941 282 
230 
20 40 J 417 80 200 1030 309 
195 
16 32 8 94 50 540 lOJO 309 
54 600 
20 40 8 151 80 500 953 286 
510 
25 50 8 239 80 JJO 971 291 
320 
JO 60 8 J47 50 145 1042 JlJ 
58 180 
40 80 8 622 120 225 1192 358 
235 so 100 8 975 96 120 1219 366 
120 
60 120 8 1407 100 105 1477 443 
105 
75 150 8 2203 75 60 1792 538 
62 
75 150 15 1166 75 112 1765 530 
115 
100 200 15 2083 75 92 2500 750 
88 
lJO 260 15 3528 100 95 JJ87 1016 
97 
160 320 15 5350 100 77 4146 1244 
78 
200 400 15 8366 80 49 5124 1537 
49 
200 400 25 5700 80 76 5379 1614 
75 
250 500 25 7834 90 67 5745 1724 
65 
JOO 600 25 11290 90 54 6272 1882 
46 
78 
Table 2, (Continued) 
L/2 L 1 K I V ,,Ca 
---(feet)---- (ma) (mv) (A-ft,) (A-meters) 
400 Boo 25 20087 140 51 7174 2153 
49 
500 1000 25 31396 110 24 6850 2055 
24 
600 1200 25 45219 60 7,7 5992 1798 
7,2 
700 1400 25 61556 Bo 7,9 6079 1829 
7,9 
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Table 3, Field data for the Goddard depth sounding. 
L/2 L 1 K I V ~a 
---(feet)---- (ma) (mv) (A-ft,) (A-meters) 
4 8 3 14.4 46 11000 3414 1024 
10800 
5 10 3 23.8 52 6200 2815 845 
6100 
6 12 J 35,3 52 3500 
J400 
2342 703 
8 16 J 65 48 1120 
1060 
1476 44J 
10 20 J 102 44 420 951 285 
400 
lJ 26 J 175 44 125 493 148 
16 32 3 266 44 
123 
42 279 84 
42 
20 40 J 417 32 13.5 176 53 
13.5 
16 32 8 94 36 140 362 109 
137 
20 40 8 151 32 45 210 63 
44 
25 50 8 239 44 16 .1 87 26 
16. 0 
JO 60 8 347 48 9,2 68 20 
9,5 
40 80 8 622 36 3,9 67 20 
J.8 
52 104 8 1056 44 3.3 83 25 
3.8 
60 120 8 1407 38 2,7 100 JO 
2.7 
75 150 8 2203 , 24 1.5 138 41 
1.5 
75 150 15 1166 24 2,2 130 39 
J,l 
100 200 15 2083 JO J,l 191 57 
2.4 
lJO 260 15 3528 40 2.82 248 74 
2,8 
160 320 15 5350 32 1.9 284 85 
1.5 
200 400 15 8J66 40 1.55 319 96 
1.5 
200 400 25 5700 40 2.9 363 109 
2.2 
250 500 25 7834 42 1.6 289 87 
1.5 
JOO 600 25 11290 JO 0.7 282 85 
o.8 
80 
Table 3. (Continued) 
L/2 L 1 K I V ,.,oa 
---(feet)---- (ma) (rnv) (A-ft, ) (.n.-rneters) 
400 800 25 20087 36 0.5 279 84 
0.5 
500 1000 25 31396 12 .05 131 39 
.05 
500 1000 50 15669 12 0.1 131 39 
0.1 
600 1200 50 22580 4.8 .01 47 14 
,01? 
600 1200 100 11232 6 ,1 168 50 
,08 
(last 3 readings very unsteady) 
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Table 4. Field data for the Warren depth sounding. 
L/2 L 1 K I V A. 
---(feet)---- (ma) (mv) (.n.-ft. ) (..n.-m et ers) 
4 8 3 14.4 230 6800 435 131 
7100 
5 10 3 23.8 220 3500 362 109 
6 12 3 35.3 
3200 
230 21·00 299 90 
1900 
8 16 3 65 250 850 215 65 
800 
10 20 J 102 250 470 184 55 
430 
13 26 3 175 230 230 171 51 
220 
16 32 3 226 240 160 177 53 
160 
20 40 J 417 210 105 199 60 
95 
16 32 8 94 230 460 180 54 
420 
20 40 8 151 220 290 192 58 
270 
25 50 10 189 150 170 202 61 
150 
JO 60 10 275 150 105 193 58 
105 
40 80 10 495 170 65 167 50 
50 
50 100 10 778 160 36 163 49 
Jl 
75 150 10 1759 150 14 141 42 
10 
75 150 15 1166 150 20 144 43 
17 
105 210 15 2297 170 8.5 115 35 
8,5 
130 260 15 3528 150 4.5 106 32 
4,5 
160 320 15 5350 170 3.7 115 35 
3.6 
200 400 15 8366 110 1.4 99 JO 
1.2 
200 400 25 5700 110 2.2 114 34 
2.2 
250 500 25 7834 150 1.75 93 28 
1.8 
2 
Table 5. Field data for the Bristol (0) depth sounding. 
L/2 L 1 K I V ,A)a 
---(feet)---- (ma) (mv) (.n.-ft. ) (.il..-meters) 
4 8 J 14.4 170 4800 411 123 
4900 
5 10 J 2J.8 140 1950 J40 102 
6 
2050 
12 J 35.3 170 1480 316 95 
1550 
8 16 J 65 150 640 275 8J 
630 
10 12 J 102 140 340 248 74 
340 
13 26 J 175 100 125 219 66 
16 32 J 266 110 
125 
81 195 59 
80 
20 40 J 417 90 42 192 58 
41 
16 32 8 94 120 290 225 68 
285 
20 40 8 151 100 140 211 63 
140 
25 50 8 239 70 70 237 71 
69 
JO 60 8 347 80 55 221 63 
52 
40 80 8 622 90 38 256 77 
36 
50 100 8 975 70 18 251 75 
18 
60 120 8 1407 90 11.8 181 54 
11.4 
75 150 8 2203 100 5.5 112 J4 
4.7 
75 150 15 1166 100 10 114 34 
9.5 
100 200 15 2083 100 2.0 46 14 
2. 4 
lJO 260 15 3528 90 0,47 27 81 
o.42 
130 260 25 2104 80 .85 19 6 
.6 
160 320 25 3197 90 .34 9 3 
.16 
200 400 25 5700 80 .01 2 1 
.04 
200 400 50 2474 70 .075 5 2 
.18 
(sto~fed when meter could no 
cien y accurate scale) 
longer be centered on suffi-
Table 6. Field data for the Bristol (I) depth sounding. 
L/2 L 1 K I V ~a 
---(feet)---- (ma) (mv) Cn.-ft I) (Jt-meters) 
4 8 3 14.4 74 16800 3230 969 
70 15500 
5 10 3 23.8 100 15500 3534 1060 
14200 
6 12 3 35,3 80 8500 3751 1125 
8500 
8 16 J 65 58 2JOO J082 925 
J200 
10 20 J 102 100 JlOO J21J 964 
J200 
lJ 26 J 175 90 2000 J889 1667 
2000 
lJ 26 J 175 90 1500 J014 904 
1000 
(second reading taken clear of obstruction) 
16 32 J 266 60 700 JlOJ 9Jl 
700 
20 40 J 417 76 465 25J8 761 
460 
25 50 J 652 56 182 2012 604 
179 
JO 60 3 940 76 175 2127 638 
169 
40 80 J 1673 62 70 1862 559 
68 
50 100 J 2616 80 48 1537 461 
46 
60 120 3 3768 70 28,5 1534 460 
28.5 
60 120 6 1880 70 64 1692 508 
62 
50 100 6 1J04 66 86 1679 504 
84 
75 150 6 2941 60 29 1421 426 
29 
100 200 6 5231 66 12,8 lOJ8 Jll 
lJ,4 
130 260 6 8844 50 c:: 884 265 _,/ 
5 
160 320 6 13399 100 2,1 281 84 
2,1 
190 J80 6 18897 160 0.7 SJ 25 
0.7 
d4 
Table 7. Field data for the Bristol (II) depth sounding. 
L/2 L 1 K I V, /J a 
---(feet)---- (ma) (mv) {n.-ft.) (n.-meters) 
4 8 3 14.4 60 18500 4404 1321 
18200 
5 10 3 23.8 68 13800 4778 1433 
13500 
6 12 3 35.3 66 9500 5005 1502 
9200 
8 16 3 65 74 6000 5270 1581 
6000 
10 20 3 102 72 3650 5135 1541 
13 26 3 175 
3600 
64 1800 4922 1477 
1800 
16 32 3 266 70 1260 4769 1431 
1250 
20 40 3 417 60 645 4476 1343 
643 
25 50 3 652 62 370 3892 1168 
370 
JO 60 3 940 62 215 3290 987 
219 
40 80 3 1673 64 90 2366 710 
91 
50 100 3 2616 66 40 1585 476 
40 
60 120 3 3768 70 20.5 1122 337 
72 21.8 
60 120 8 1407 70 56 1110 333 
72 56 
50 100 8 975 64 105 1562 469 
100 
75 150 8 2203 68 19.7 637 191 
19.6 
100 200 8 3921 74 4.9 262 79 
5.0 
130 260 20 2639 144 4.2 80 24 · 
4.5 
160 320 20 4006 180 o.6 13 4 
APPENDIX B 
Resistivity Study on Cape Cod 
As a corollary to the work in the Rhode Island study 
area, resistivity depth soundings were made on lower (outer) 
Cape Cod. Cape Cod was chosen because it is a 'classic' set~ 
ting for the development of a Ghyben-Herzberg lens; an uncon-
solidated coastal aquifer with saltwater on two sides. In 
addition, analyses of chloride concentration in the ground 
water versus depth were available as a result of a U. S. G. 
S. drilling program. 
Three test drilling locations within the North Truro 
quadrangle were chosen as sites of resistivity depth sound-
ings. Well number TSW 210-213 is located behind the dune of 
Head of the Meadow Beach and near the upper end of Salt 
Meadow ( 42°03' 12" N, 70°05' 01" W; J. Guswa, personal commu-
nication) at an altitude of 20 feet (6 meters) above sea 
level. Well TSW 219-222 is located behind the Balston Beach 
dune (42°00'01" N, 70°01 1 08" W; J. Guswa, personal communica-
tion) and the sounding at that site was made along Pamet Road 
at an altitude of 10 feet (J meters) above sea level. At 
both of these sites the soundings were made in sandy soil 
adjacent to swamp and marsh deposits. 
The third sounding was made at the site of well TSW 200, 
located along Longnook Road (Guswa and Landquist, 1976) at 
42°00 1 52" N, 70°02 1 40" Wat an altitude of 26 feet (7.8 
meters) above sea level. At this last site nine observation 
wells were drilled around TSW 200 to observe drawdown. Since 
this test area is described in a U. S. G. S. open-file report 
(76-614) more is known about the subsurface here than at the 
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other two sites. 
The subsurface here consists of unconsolidated materials 
extending to an estimated depth of 900 feet (270 meters) be-
low sea level. The upper 120 feet (36 meters) of these de-
posits is made up of sand and gravel, and the material be-
low this to a depth of 285 fe~t (85.5 meters) is composed of 
silt, fine sand, and clay. 
From that depth to the well bottom at 353 feet (106 
meters), the subsurface is composed of fine to coarse sand 
with some silt, clay, and organic layers. 
The plots of the data along with master curve segments 
and computer generated curves (figs. 24-29) and their re-
spective interpretations which follow are organized in the 
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Figure 26. Field curve for the TSW 200 depth sounding along 
with matching master curve segments. The curve is of 
the 4-layer KQ-type (;Oi<f2~!'3~,P4 ). The parameters are: 
resistivity 
(ohm-feet) (ohm-meters) 
!°1= 33,000 9,900 
p2= 49,500 14,s50 
;°3= 16,484 4945 
,P4= 148.5 44.6 







reduced to ratios to layer 1: 
/J1 =l 
p 2=1. 5 
;°3=0. 5 
P4 =O .005 
Key to the master curve segments: 
--~O 2-layer 



































































































































































































































































































































































































Analysis of the TSW 210-213 depth sounding. 
The salient feature of this depth sounding curve is the 
markedly low resistivity, less than 2 ohm-feet (0.6 ohm-
meters), of layer three beginning at a depth of 4 feet (1.2 
meters). The increase in resistivity of the next layer (150 
ohm-feet; 45 ohm-meters) and the small thickness of layer 3 
(less than 1.5 feet; 0.5 meters) are difficult to explain. A 
decrease in the porosity of the soil, or perhaps a thin semi-
permeable layer keeping waters of different salinities sep-
arate, is more likely than a sudden and distinct change in 
salinity of the ground water. This higher resistivity layer 
gives way at depth (modeled as 102 feet; 30.6 meters) to a 
layer of lower resistivity (38 ohm-feet; 11.3 ohm-meters). 
Examination of table 8 reveals a decrease in chlorinity 
from 18 feet (5,4 meters) to 62 feet (18.6 meters) and an 
increase from there to the last sampled depth of 90 feet (27 
meters). The changes are not necessarily gradual or contin-
uous with depth. However, if they are not, an explanation 
must be offered. In any case, the higher chlorinity (and 
along with it, salinity) water would be denser and would be 
expected to be found at greater depths than water which is 
relatively 'fresher'. Mixing is being impeded by a layered 
subsurface. 
Correlation between the resistivity model and the sample 
analyses is difficult, since the first three layers of the 
resistivity model occur at depths less than that at which the 
Table 8. Chloride concen~ration in well water as a function 
of depth for wells TSW 210-213 and TSW 219-222, 
TSW 210-213 
Sample Depth Chloride Concentration 
(feet) (meters) (mg/1) 
18 5.4 8000 
40 12, 1300 
62 18.6 190 
90 27 1100 
TSW 219-222 
19 5.7 150 
61 18.3 17000 
80 24 17500 
97 29.1 16000 
Source: J. Guswa, u. s. G. s. Water Resource Division, 
Boston, Mass. 
93 
first sampling was made, and the final layer interface falls 
below the bottom of the well, That is to say, the observed 
(by sampling) chlorinity changes are taking place within 
layer 4 of the resistivity model, 
At this site, with lack of vertical mixing of water, the 
Ghyben-Herzberg relationship is difficult to apply, It is 
also to be noted that the position of the water table is 
not clear on the basis of the resistivity data. The material 
immediately below the surface appears to be at least semi-


































































































































































































































































































































Analysis of the TSW 219-222 depth sounding. 
In contrast to the somewhat inverted values of the 
chloride analysis for well TSW 210-213, those for well TSW 
219-222 show increasing chloride content with depth (table 
8), with a very large increase occuring between a depth of 
19 feet (5,7 meters) (150 mg/1) and 61 feet (18.J meters) 
(17,000mg/l). The resistivity data shows a drop in resis-
tivity with depth for the first three layers, with a high 
(1260 ohm-feet; J78 ohm-meters) resistivity layer between 
the depths of 22 and 26 feet (6.6 and 7.8 meters). Beyond 
this, the resistivity drops off to a very low (less than 1 
ohm-foot; 0.3 ohm-meters) value. This falls within the 
depth range indicated by the chlorid~ analyses, although 
the high resistivity layer is difficult to explain. 
Using the 26 feet (7.8 meters) depth figure to indicate 
depth to saltwater (being realized that a sharp contact does 
not exist) the ratio of depth to saltwater below sea level to 
the height of fresh water above sea level is 2.2 
Figure 29. Field curve for the TSW 200 depth sounding and 









f' 2 =1. 5 
f)3=0.5 
f'4=0 .01 








In real units on the basis of the origin ya
1
=33,000 
ohm-feet, h 1=1.5 feet) of the first segment of the 
curve: 
(ohm-feet) (ohm-meters) (feet) (meters) 
33,000 9,900 h = 1.1 0.3 1 
49,500 14,850 h2= 17.9 5.4 
16,500 4,950 h3= 68.3 20.5 
330 99 
L/2, METERS 
10 100 CD ____ _..... _______ __._ _______ ...._ __ 
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Analysis of the TSW 200 depth sounding. 
The resistivities of the sand and gravel subsurface 
materials at this site are orders of magnatude higher than 
the values for the two previous sites, The drop in resis-
tivity at 18 feet (5,4 meters) is attributed to the water 
table (reported as 21 feet - 6.J meters below the surface in 
December, 1974; Guswa and Landquist, 1976) though the resis-
tivity value is quite high. 
The decrease in resistivity modeled at a depth of. 68 
feet (20,5 meters) falls well above the abrupt change in 
observed chlorinity from 25 mg/1 to 150 mg/1 which occurs 
between 190 and 205 feet (57 and 61,5 meters; fig. JO), Also, 
the resistivity value (JJO ohm-feet; 99 ohm-meters) is not 
indicative of any chloride concentration. Obviously, suf-
ficient depth penetration was not achieved, Inconsistent 
potential readings at L spacings of greater than 600 feet 
( 180 meters) , on more than one separate attempt, forced a 
halt to field work at this location. 
If we take the center of the previously cited depth 
range of 190 to 205 feet (57 to 61,5 meters) as the 'top' 
of the saltwater, a water table at a depth of 21 feet (6.J 
meters), and an altitude of 26 feet (7.8 meters), the ratio 
of the depth to saltwater below sea level to height of fresh 



























































































































Discussion of the Cape Cod resistivity analyses. 
The interpretation of the resistivity depth sounding 
adjacent to well TSW 219-222 is consistent with the chloride 
analyses of the water from that same well. Though the analyses 
of well TSW 200 also show an increase with depth, the depth 
penetration afforded here by the resistivity survey was not 
sufficient to reveal the presence of saltwater. It might be 
noted however, that the curve for this sounding, though the 
resistivity values differ by several orders of magnitude, 
bears a strong resemblance to the Bristol BRI.104 (I) and 
(II) depth soundings made in Rhode Island. Both of these 
latter were successful in identifying saltwater. 
Interesting results were obtained from the sounding at 
well TSW 210-213. Here the chloride analyses at selected 
depths (table 8) indicate a drop in chloride concentration 
from a high starting value to a low at 62 feet (36.6 meters) 
depth, and then an increase. These changes are not reflected 
by the resistivity data but instead are smoothed as a single 
layer. The changes are significant in magnitude and occur 
over a large depth range. 
The Ghyben-Herzberg ratio was found to be approximated 
(34:1) at the site of well TSW 200. The inverse relation of 
chlorinity with depth at well TSW 210-213 has made the rela-
tionship inapplicable. 
100 
Table 9, Field data for the TSW 210-213 depth sounding. 
L/2 L 1 K I V Pa 
---(feet)---- (ma) (mv) (n_-ft.) (.IL-meters) 
4 8 3 14.4 150 600 58 17 
5 10 J 23.8 150 475 75 23 
.6 12 J 35,3 150 260 61 18 
8 16 J 65.0 150 150 65 20 
10 20 3 102 150 70 48 14 
13 26 J 175 150 23 26 8 
22 
16 32 J 266 150 11,5 20 6 
20 40 J 417 150 7 19 6 
6.5 
20 40 8 151 150 19 19 6 
25 50 8 239 150 lJ 22 7 
14 
JO 60 8 347 150 12 27 8 
40 80 8 622 150 
11.5 
8 33 10 
8 
50 100 8 975 150 5,5 41 12 
7 
60 120 8 1407 150 4.6 48 14 
5,6 
75 150 8 2203 150 4,2 62 19 
4,2 
75 150 15 1166 150 8 63 19 
8,2 
100 200 15 208J 150 4.8 68 20 
5,0 
130 260 15 3528 100 2,9 86 26 
2 
160 320 15 5350 150 2,5 87 26 
2,4 
200 400 15 8366 150 1,5 86 26 
1.6 
200 400 25 5007 150 2.6 87 26 
2.6 
250 500 25 7834 150 1.6 89 27 
1,8 
JOO 600 25 11290 150 1.1 87 26 
1,2 
400 800 25 20087 150 0.7 87 26 
o.6 
500 1000 25 31396 ·150 0.32 71 21 
0.36 
101 I 
Table 10. Field data for the TSW 219-222 depth sounding. 
L/2 L 1 K I V ,;<'.Ja 
---(feet)---- (ma) (mv) (it-ft.) (cl-meters) 
4 8 J 14.4 150 540 53 16 
570 
5 10 J 2J.8 150 200 32 10 
205 
6 12 J 35.3 150 57 13 4 
57 
8 16 J 65.0 150 18 8 2 
21 
10 20 J 102 150 5.5 4 1 
6.5 
lJ 26 J 175 150 J.O 6 2 
6.5 
16 32 J 266 150 4 5 2 
2 
20 40 J 417 150 1.5 6 2 
2.5 
16 32 8 94 150 8.0 5 2 
8.2 
20 40 8 151 150 4.6 5 2 
6.2 
25 50 8 239 150 J.8 6 2 
3.9 
JO 60 8 J47 150 3.3 3.5 7 2 
2.8 2.7 
40 80 8 622 200 3.0 9 3 
2,9 
50 100 8 975 200 2,0 11 3 
2.6 
60 120 8 1407 200 1.0 lJ 4 
2.7 
75 150 8 2203 200 1.4 17 5 
1.6 
75 150 15 1166 200 3.1 17 5 
2.7 
100 200 15 2083 200 1.5 23 7 
3.0 
lJO 260 15 3528 90 1.0 37 11 
0.9 
160 320 15 5350 200 1.8 40 12 
1.2 
200 400 15 8366 250 1.2 39 12 
1.15 
200 400 25 5007 250 1.4 40 12 
2.6 
225 450 25 6342 500 o.8 28 8 
3.0 
250 500 25 7834 500 1.3 20 6 
275 550 25 9484 500 1.7 15 5 
0.9 
.l U.G 
Table 11. Field data for the TSW 200 depth sounding. 
1/2 L 1 K I V ,,.Oa 
---(feet)---- (ma) (mv) (.11.-ft.) (4-meters) . 
4 8 J 14.4 8.J 24000 41639 12492 
5 10 J 23.8 6.94 lJOOO 44582 13375 
6 12 J 35,J 8.4 10600 44545 13364 
8 16 3 65 9.8 .6800 45102 13531 
10 20 3 102 10.0 4450 45390 13617 
lJ 26 3 175 8.1 2100 45370 13611 
16 32 J 266 8.15 lJOO 42429 12729 
20 40 J 417 6.6 630 39805 11942 
25 50 3 652 6.1 360 J8479 11544 
JO 60 3 940 4.7 160 32004 9601 
40 80 3 1673 9.7 150 25871 7761 
50 100 J 2616 11.5 100 22747 6824 
60 120 J 3768 11.0 96 32884 9865 
75 150 J 5887 9.5 23 14253 4276 
100 200 3 10470 8.4 6.5 8082 2425 
8.7 6.7 
100 200 15 208J 8.8 35 8285 2486 
75 150 15 1166 9,8 125 14872 4462 
lJO 260 15 3528 9.1 9.5 3683 1105 
160 320 15 5350 10.J 4.o 2078 623 
200 400 15 8366 21, 5 J.J 1284 385 
250 500 15 13078 9.2 0.7 995 299 
JOO 600 15 188J8 16.1 0.62 725 218 
(the following readings were taken at a later date, and were 
repeated where unsteady) 
JOO 600 18 15694 46 2.5 853 256 
~ 
103 
Table 11, ( C ~:mtinued) 
L/2 L 1 K I V ;Oa 
---(feet)---- (ma) (mv) (.it-ft.) (.!L-meters) 
JOO 600 18 15694 44 2.6 927 278 
JOO 600 60 4665 46 6.1 619 186 
JOO 600 60 4665 45 8 829 250 
400 800 60 8JJO 39 4,5 961 288 
500 1000 60 1J04J 62 J.4 715 215 
500 1000 100 7775 64 J.4 419 126 
3.5 
600 1200 100 11231 JJ 0.5 170 51 
600 1200 100 11231 37 0.5 152 46 
600 1200 100 11231 J8 1.5 443 lJJ 
600 1200 100 11231 37 1.0 J04 91 
600 1200 100 11231 37 1.1 JJ4 100 
600 1200 100 11231 36 1,5 468 140 
600 1200 100 11231 37 2.0 607 182 
